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Abstract We report the structural and magnetic proper-
ties of the CdS nanoparticles co-doped with Ni and Cu; 3%
Ni, Cu co-doped CdS nanoparticles were synthesized by
using wet chemical synthesis process. From high-resolu-
tion transmission electron microscopy (HR-TEM), it is
found that the average diameter of the Ni, Cu co-doped
CdS nanoparticles is about 5 nm. X-ray diffraction (XRD)
studies show the zinc blende (cubic) structure of Ni, Cu co-
doped CdS nanoparticles. Energy dispersive spectroscopy
(EDS) confirms the elemental composition of the doped
sample. Room temperature magnetic studies are made by
the analysis of M-H curves, obtained using superconduc-
ting quantum interference device (SQUID). The magnetic
behavior has been shown by CdS nanoparticles doped with
3% nickel as well as CdS nanoparticles co-doped with 3%
Ni and Cu.
Keywords Nanoparticles  Dilute magnetic
semiconductors  Co-doping  SQUID  Ferromagnetism
Introduction
The stimulating opportunity of utilizing both the charge
and spin character of an electron, dilute magnetic semi-
conductors (DMSs) has attracted a great deal of interest
owing to their spintronics applications such as spin field
effect transistors (FETs) and spin light-emitting diodes
(Wolf et al. 2001; Prinz 1998). With both semiconducting
and magnetic properties, DMS materials are ideal sources
of spin-polarized carriers and can easily be integrated with
semiconductor devices (Prinz 1998). Recently, the simul-
taneous presence of two kinds of defects known as
co-doping has attracted interest mainly because of the
opportunity of using it to tailor the position and occupancy
of the Fermi energy of the doped DMS (Reed et al. 2005;
Kittilstved et al. 2005; Ozaki et al. 2007; Kane et al. 2006;
Ozaki et al. 2006; Kuroda et al. 2006; Dietl 2006). Thus,
co-doping with shallow acceptors and donors was sighted
as a prospective way to specify the accessibility of carriers
to mediate ferromagnetism. Lathiotakis et al. (2008)
reported that the role of Cu? is similar to that played by the
free electron in the development of the Ruderman–Kittel–
Kasuya–Yosida interaction. The Cu? ion, being spin
polarized by the existence of the magnetic impurities,
‘‘communicates’’ the interruption to its neighboring mag-
netic impurities, thus intervening an indirect magnetic
interaction among them. Lu et al. (2009) also reported
carrier-mediated ferromagnetism in single crystalline Co,
Ga co-doped ZnO films. Rao et al. depicted no ferromag-
netism in Mn- and Co-co-doped ZnO (Rao and Deepak
2005). They also suggested that some additional charge
carriers are required to induce ferromagnetism or there
should be defect induced carriers.
Various reports are also available on chalcogenide-based
DMS showing room temperature ferromagnetism like
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Sambasivam et al. (2009) reported the Co doping-induced
magnetism in ZnS nanoparticles. Kumar and Singh (2011)
described the ferromagnetic behavior of Cu-doped ZnSe
semiconducting quantum dots. Wu et al. (2006) discussed
the p-type conductivity and donor–acceptor pair emission in
Fe-doped CdS nanoparticles. Singh et al. (2008) reported
room temperature ferromagnetism in pure CdSe and Cu-
doped CdSe nanoparticles capped with thiol. The same group
also observed RTFM in iron-doped CdSe nanoparticles
(Singh et al. 2009) capped with thiol and reported RTFM in
terms of F-center exchange mechanism (bound magnetic
polarons). Paramagnetic behavior of CdSe nanoparticles is
observed by Mulenberg et al. (2009), and they reported that
by varying the end group functionality of the passivating
layer, paramagnetic behavior can be improved. Bogle et al.
(2008) reported the unexpected magnetism in Co:CdS DMS
nanoparticles. Tsujii et al. (2003) described the magnetism in
Mn- and Eu-co-doped ZnS nanoparticles. Kumar et al.
(2011) also observed room temperature ferromagnetic
behavior of Eu-doped CdZnS nanoparticles. Further no
reports are available on magnetism in co-doped chalcogen-
ide DMS nanoparticles. Here, we report the synthesis of CdS
nanoparticles co-doped with Ni and Cu using chemical co-
precipitation technique. The structural and magnetic char-
acterizations of these nanoparticles are also being studied.
Experimental
All the chemicals and reagents used were purchased from
Fisher Scientific having purity 99.5%. The chemicals were
used without any further purification. In this synthesis,
copper acetate as source of Cu, nickel acetate as source of
Ni, cadmium sulfate as source of Cd and sodium sulfide as
source of S were used. To avoid any agglomeration
between the synthesized nanoparticles, mercaptoethanol
was used as capping agent. In a typical wet chemical
process, 0.5 M solution of cadmium sulfate, copper ace-
tate, nickel chloride and sodium sulfide were prepared
separately. Then, the solutions of cadmium sulfate, copper
acetate and nickel chloride were mixed, and sodium sulfide
in appropriate stoichiometric proportions was added while
stirring. About 2 ml capping agent mercaptoethanol was
added dropwise. The mixture was stirred for 30 min at
room temperature, and resultant particles were washed
repeatedly with water and ethanol and dried in vacuum.
The structural and morphological properties were stud-
ied with PANalytical X’Pert Pro X-ray diffractometer
using copper characteristic wavelength = 1.54 A˚ and Hit-
achi H-7500 (TEM), respectively. Elemental analysis and
presence of any undesired impurity and doped atomic
weight percentage were checked using energy-dispersive
spectroscopy (Hitachi S3400N). Fourier transform infrared
(FTIR) spectra were recorded by using Perkin Elmer
instrument. Thermogravimetric analysis (TGA) was carried
out using a Perkin-Elmer Pyris 1 TGA. Magnetic studies
were made by SQUID (Quantum design).
Results and discussions
The XRD pattern shown in the Fig. 1 shows the peaks at
the points 26.72, 44.10 and 51.98 corresponding to the
planes (111), (220) and (311), respectively. These planes
are according to the JCPDS card 10-454. The broadening in
the peaks clearly indicates very small size of the nano-
particles. As the radii of the Ni (83 pm) and Cu (87 pm)
ions are smaller than that of Cd (108 pm) ion, substitution
of Cu and Ni in the CdS lattice will decrease the lattice
constant as compared to Ni-doped CdS. Therefore, in XRD
spectra, a slight shift of the diffraction peak toward higher
angle is observed. The size of co-doped CdS nanoparticles




where D is the diameter of the particles; k = 1.518 A˚
(CuKa radiation wavelength); b = full width at half
maxima; h, is the Bragg’s angle. By substituting these
values, the size of the nanoparticles was found to be about
5.6 nm, which is in close agreement with HR-TEM results.
HR-TEM image (Fig. 2) of the Cu-doped Cd1-xNixS
nanocrystals reveals nanocrystals with well-resolved lattice
fringes, demonstrating the highly crystalline nature of the
nanocrystals. It is seen from Fig. 2 that Cu-doped Cd1-
xNixS nanocrystals are not having uniform spherical shape
and having average size *5 nm. From EDS spectrum
(Fig. 3), the doped amount was found similar to that of the
experimental quantities. From table, it is clear that doped
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Fig. 1 X-ray diffractogram of doped CdS nanoparticles
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atomic percentage of Ni and Cu in CdS is 2.77 and 2.74,
respectively, slightly less than the experimentally taken
quantity. It may be attributed to some traces of impurities
or some of guest ions (Ni and Cu) may be lost during
washing process, which are unable to fit into the host CdS
lattice.
The attachment of the –COOH groups was confirmed by
using FTIR spectrum (Fig. 4) for CdS samples doped with
transition metals. FTIR spectra show the peaks in the range
1,590–1,780 cm-1, which corresponds to the –COO group.
In this case, the particular peak at 1,618 cm-1 is confirm-
ing the presence of –COO group, which is due to the
capping of mercaptoethanol. Peak at 1,100 cm-1 may be
due to C–O group, and sharp peak at 3,609 cm-1 may be
due to free O–H group, which again confirms the capping
of mercaptoethanol.
TGA records are shown in the Fig. 5 in a range of
50–450C. In case of Ni-doped CdS, a steady weight loss
of 2% up to 150C indicates the removal of physically
adsorbed residues (water and other impurities) on the sur-
face of CdS nanoparticles. In case of Ni-doped CdS
nanoparticles, at 340C, there is a sharp decrease of more
than 5% in the curve, indicating that the coating of CdS
nanoparticles has been removed causing the uncapping of
CdS nanoparticles in temperature range of 150–160C as
the boiling point of surfactant (mercaptoethanol) is around
160C. Further, the samples were found stable up to 450C.
Further, at the 3% doping of Ni and Cu, there is a steady
weight loss of 10% up to 400C, whereas the weight loss is
around 3% for Ni doping only.
Figure 6 illustrates the hysteresis loops for Cd(Ni)S and
Cd (Ni, Cu)S nanoparticles. Magnetic measurements were
taken for all the samples at room temperature using a
SQUID magnetometer. Ferromagnetic ordering was
observed. Adding Cu to Ni:CdS leads to an enhancement in
magnetic moment. The increase in Ms (saturation magne-
tization) was probably caused by the increase in electrons
which induced more efficient ferromagnetic couplings
between doped Ni2? ions (Liu et al. 2006; Chakraborti
et al. 2007). There may be two possible origins of the
observed ferromagnetism in Ni, Cu co-doped CdS. One
origin is due to the small secondary phases such as Ni-
metal clusters or Ni oxide precipitates. In fact, no trace of
Ni-metal clusters was detected by XRD measurement in
the synthesized powders. The other one is the carrier-
induced ferromagnetism Ruderman–Kittel–Kasuya–Yosida
(RKKY) or double exchange mechanism (Wolf et al. 2001;
Lin et al. 2004; Ueda et al. 2001). In this mechanism, the
free carrier concentration is very important to decide
whether the material is paramagnetic or ferromagnetic.
There may be an alternative F-center (or bound mag-
netic polaron)-mediated exchange mechanism responsible
for magnetic ordering in these systems. The change in the
lattice parameter with the substitution of guest ions (Ni and
Cu) into the host lattice (CdS) will lead to increasing defect
ion concentration (Chakraborti et al. 2007). It is reported
that in the case of nanoparticles defect formation energy at
the surface is appreciably different from that in the bulk
due to the size effect, which involves structural as well as
electronic effects. An F-center is a sulfur vacancy with a
trapped electron. This trapped electron occupies an exten-
sive orbital state that overlaps with the d shells of some
nearby transition metal atoms. The radius of this trapped
electron orbital is predictable to be of the order of a0,
where a0 is the Bohr radius. For CdS, the value of Bohr
radius is enough to contain a couple of dopant atoms even
in the 3% transition metal–doped CdS sample. Since the Ni
and Cu are in 3d8 and 3d9 spin states, respectively, they
will only have the unoccupied minority spin orbitals
Fig. 2 HR-TEM micrograph of Ni, Cu-doped CdS nanoparticles
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   S K   35.23    34.14   
  Ni K     2.73      2.77     7.7 
  Cu K     2.67      2.74           8.6 
  Cd L   58.37    59.41   
  Au L     1.30      1.03   
Total 100.00 100.00  
Fig. 3 EDS spectrum for 3% Ni, Cu-doped CdS nanoparticles
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accessible for exchange with the trapped electron. The
trapped electron will align in an anti-parallel arrangement
with the individual dopant ion spins (Chakraborti et al.
2007). This leads to an efficient ferromagnetic coupling
between coupled dopant atoms. So, in Ni- and Cu co-doped
CdS, F-center (sulfur vacancy)-mediated exchange mech-
anism may appear responsible for the ferromagnetic
ordering observed in transition metal co-doped CdS
nanoparticles.
Conclusions
In summary, the CdS nanoparticles co-doped with Ni and
Cu have been synthesized using wet chemical method and
mercaptoethanol as capping agent. The Ni- and Cu co-
doped CdS nanoparticles have been studied morphologi-
cally and structurally by HRTEM and XRD giving particle
size *5 nm. Capping via surfactant was confirmed by
TGA and FTIR. The thermal stability studies of doped CdS
nanoparticles showed that the samples were stable up to
450C. Co-doping with Cu results in an increase in ferro-
magnetic moment in Ni-doped CdS nanoparticles. There-
fore, a defect-mediated exchange mechanism, such as
the F-center (sulfur vacancy)-mediated exchange mecha-
nism reported previously by others, may appear to present
a better clarification for the ferromagnetic ordering
observed in transition metal (Ni and Cu)-co-doped CdS
nanoparticles.
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Fig. 4 FTIR spectrum for a 3%
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Fig. 6 Hysteresis loops for 3% Ni-doped CdS nanoparticles and 3%
Ni, Cu-co-doped CdS nanoparticles
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